Background
Introduction
The human liver is crucial to metabolic processes. Imbalances in amino acid metabolism and alterations of amino acid levels in human blood due to liver diseases are described in existing literature [1, 2] . Already in 1971, Fischer et al. presented data indicating that low levels of the ratio between the structurally related branched-chain amino acids (BCAA) valine, leucine and isoleucine and the structurally related aromatic amino acids (AAA) phenylalanine, tyrosine and tryptophan (BCAA / AAA, Fischer's ratio) promote hepatic encephalopathy in cirrhotic patients [3, 4] . Changes in amino acid levels in blood affect a large number of different metabolic pathways, but to our knowledge until now there is no study available investigating the complex relationship between plasma amino acid concentrations and prognosis in patients with end-stage liver disease.
In the context of liver transplantation, prognosis in patients with liver cirrhosis can be estimated as three-month mortality risk by using the MELD (Model for End-Stage Liver Disease) score [5, 6] . For many patients with end-stage liver disease, the only curative therapy is an orthotopic liver transplantation (OLT). The MELD scoring system has replaced the ChildPugh-Turcotte based classification for listing in UNOS (United Network of Organ Sharing) area in 2002. It was introduced into the Eurotransplant community in 2006. Lab MELD score is calculated with an algorithm consisting of the three laboratory parameters serum creatinine, serum bilirubin and INR (International Normalized Ratio) [7] .
The MELD score is well evaluated and widely accepted as an objective predictor [8] . Although waiting list mortality has decreased since MELD implementation [9] , former studies revealed that mortality might not be predicted appropriately by MELD score in patients suffering from frequent complications of cirrhosis. Complications such as hepatic encephalopathy [10] , sarcopenia [11] , malnutrition [12] , infections [13] , esophageal bleeding [14] and hyponatremia [15] have a substantial impact on survival. Some promising advancements e.g. MELDNa score were presented in the last years, but did not find a use in clinical routine yet [16, 17] .
The aim of this study was the evaluation of the prognostic value of a complex panel of amino acid concentrations in human blood plasma for predicting mortality. We analyzed 19 metabolites including all essential amino acids in a collective of patients evaluated for an OLT.
Materials and Methods

Study population
Patients were recruited within the evaluation process for liver transplantation at the University Hospital of Leipzig. The Ethics Committee at the Leipzig University Faculty of Medicine approved for the retrospective usage of residual material and data for our study.
Our collected cohort consisted of 231 plasma samples from 173 different patients. For some patients, samples from more than one date were available because of the reevaluation guidelines of the German Medical Association. In these cases, only the patient sample from the first blood withdrawal was used for analysis. The cohort was not necessarily at fasting before blood taking. 7 patients were excluded for the study due to renal replacement therapy (N = 3) or anticoagulation therapy with phenprocoumon (N = 3) or rivaroxaban (N = 1), so our analyzed study population consisted of 166 samples from different patients. Survival data and patient characteristics were collected from the patient information system and from administration data from the University Hospital's transplant office. All causes of mortality were considered as deceased (N = 33, 19.9%). For patients who were transplanted during follow-up period (N = 18; 10.8%), follow-up ended at date of transplantation and patients were censored at that time for survival analysis. Median follow-up time in the non-transplanted surviving cohort (N = 115; 69.3%) was 22.0 months (range 8.8 to 24.0 months). Baseline characteristics are presented in Tables 1 and 2 .
Amino acids analysis
Measurement and preanalytical standardization of the metabolites was performed according to published protocols [18, 19] . Briefly, citrated plasma samples were diluted 1:10 with methanol and centrifugated at 13000U/min for 10 minutes at room temperature. 100 μl of the internal 
Laboratory data
Residual material of citrated plasma was aliquoted after registration in the medical laboratory and stored at -80°C. The panel measured by mass spectrometry included 19 different amino acids. Values were multiplied with a factor of 10/9 according to 1:10 dilution with trisodium citrate solution at blood drawing (S-Monovette 1 3ml 9NC, Sarstedt, Nümbrecht, Germany).
Plasma concentrations are presented in μmol per liter. Leucine and isoleucine could not be distinguished by the method. Due to technically invalid measurement, two concentrations of methionine were discarded. The amount of branched-chain amino acids (BCAA) was calculated as sum of valine, leucine and isoleucine. The concentration of aromatic amino acids (AAA) was determined as sum of phenylalanine, tyrosine and tryptophan. Fischer's ratio is defined as BCAA to AAA ratio. We also calculated the BCAA to tyrosine ratio (BTR) and valine to phenylalanine ratio (VPR) for analysis.
Clinical chemistry including MELD score components creatinine (serum, enzymatic assay creatinine Plus Ver. 2, Roche, Mannheim, Germany), bilirubin (serum, Total DPD Gen.2 kit, Roche, Mannheim, Germany) and INR (International Normalized Ratio, plasma, ACL TOP 700 System, Instrumentation Laboratory, Lexington, USA) was measured due to the clinical request at University Hospital of Leipzig for each patient. For 163 of 166 patients, serum sodium concentrations were already available from clinical routine. Clinical parameters examined for this study were analyzed retrospectively.
MELD score was calculated according to the guidelines of the UNOS [20] using the following formula:
MELD score ¼ 10 Ã ð0:957 Ã lnðcreatinine ½mg=dlÞ þ 0:378 Ã lnðbilirubin ½mg=dlÞ þ 1:12 Ã lnðINRÞ þ 0:643Þ:
MELD-Na score was calculated according to Kim et al. [16] :
MELD À Na score ¼ MELD À Na ½mmol=l À ð0:025 Ã MELD Ã ð140 À Na ½mmol=lÞÞ þ 140:
Statistics
Calculation was performed using SPSS 20 (SPSS Inc., Chicago, IL, USA). Amino acid data were transformed using natural logarithm or area sinus hyperbolicus function for approximation of Gaussian distributions. Survival analysis was performed with Cox Proportional Hazards Regression Model. For Log-Rank testing, we divided our study cohort in three groups dependent on tertiles 
Results
Survival analysis
In our study population of 166 patients, 33 patients (19.9%) died during follow-up period without receiving a liver transplant. To examine the relationship between survival and plasma concentrations of the measured metabolites, data were analyzed using the Cox-Regression model (Table 3) . We identified a significantly higher mortality rate for higher values of the amino acids phenylalanine (p<0.05) and tyrosine (p<0.05). In contrast, lower valine plasma concentrations were significantly related to a higher mortality rate (p<0.001). Lower values of the amino acid constellations Fischer's ratio (p<0.001), BCAA to tyrosine ratio (BTR, p<0.01) and valine to phenylalanine ratio (VPR, p<0.001) were all negatively associated with survival.
We compared data between the deceased and surviving cohort for these parameters in Table 4 . For further illustration, we performed Log-Rank testing (S1 Table) . The tertiles discriminated survival rates significantly for the amino acids valine (p<0.05, Fig 1A) and phenylalanine (p<0.05, Fig 1B) , but not for tyrosine (p = 0.20). For valine, data revealed a higher risk of death for group T1 to T3 (HR = 3.89; 95% CI, 1.42 to 10.65; p = 0.008) and for T2 to T3 (HR = 3.02; 95% CI, 1.06 to 8.61; p = 0.039), whereas the hazard ratio for T1 to T2 was not significant (p = 0.424). For phenylalanine, analysis led to a higher risk of death for group T3 to T1 (HR = 3.03; 95% CI, 1.20 to 7.63; p = 0.019), whereas hazard ratios for T3 to T2 (p = 0.079) and T2 to T1 (p = 0.411) were not discriminative.
For the calculated amino acid constellations, tertiles discriminated the risk of death significantly for Fischer's ratio (p<0.01, Fig 1C) and for VPR (p<0.01, Fig 1D) , whereas for BCAA, AAA and BTR results were not significant. Regarding Fischer's ratio, data revealed a higher risk of death for group T1 to T3 (HR = 5.00; 95% CI, 1.69 to 14.78; p = 0.004), whereas hazard ratios between T1 to T2 (p = 0.117) and T2 to T3 (p = 0.081) were not significant. For VPR, analysis led to a higher risk of death for group T1 to T2 (HR = 2.32; 95% CI, 1.05 to 5.14; p = 0.037) and T1 to T3 (HR = 4.22; 95% CI, 1.57 to 11.30; p = 0.004), results for T2 to T3 did not differ significantly (p = 0.278).
Analysis in context to MELD score
Furthermore, we studied the association between the amino acid parameters and established predictors of short-term mortality.
There were significantly different distributions of the plasma amino acids between groups with low MELD 6-9 and moderate MELD 10-19 scores (p<0.01, Table 5 ).
MELD score was significantly positively correlated with arginine (p<0.01), aspartic acid (p<0.05), citrulline (p<0.05), methionine (p<0.001), phenylalanine (p<0.001, Fig 2B) , proline (p<0.05) and tyrosine (p<0.001). Significant negative correlations were observed between MELD score and valine (p<0.001, Fig 2A) and the sum of leucine and isoleucine (p<0.05). Strongest associated branched-chain amino acid was valine (Spearman's roh = -0.433) and strongest associated aromatic amino acid was phenylalanine (roh = 0.341). BCAA, Fischer's ratio (Fig 2C) , BTR and VPR ( Fig 2D) were all significantly negatively correlated with MELD score (p<0.001), whereas AAA showed a positive correlation (p<0.001). Regarding to rank correlation coefficients, only VPR and Fischer's ratio were superior to valine alone.
Results for MELD-Na score correlation analysis were comparable (S2 Table) .
Although there was a strong correlation between amino acid constellations and MELD score, we were able to show an additional prognostic value for valine plasma concentrations (p = 0.007; odds ratio = 0.78 per 10% change; 95% CI, 0.65 to 0.94) but not for phenylalanine (p = 0.803) when analyzed in addition to MELD score for prediction of one-year mortality.
Interestingly, we identified one obvious outlier in all correlations. This patient received Fresubin 1 Hepa, a BCAA enriched solution, right before blood taking at the Intensive Care Unit (Fig 2, #) .
Discussion
The results of our study demonstrate that plasma concentrations of valine, phenylalanine and tyrosine are associated with survival in patients suffering from end-stage liver disease. Especially Alterations in plasma levels of amino acids in liver cirrhosis are believed to play a role in causing hepatic encephalopathy (HE) [1] . HE is a serious complication in patients with endstage liver disease and associated with an increased mortality. For this reason, it was part of the Child-Pugh Turcotte classification formerly used to decide on liver allocation [10] . Aromatic amino acid levels (AAA) increase in progression of cirrhosis, presumably due to shunt effects and missing uptake from hepatocytes [21] . Furthermore, detoxification of ammonia in the liver is impaired in patients with end-stage liver disease which leads to permanent hyperammonemia in blood. As an important compensatory mechanism, breakdown of BCAA storages (valine, leucine and isoleucine) in skeletal muscle is described to catabolize ammonia in the body [1] .
BCAA and AAA share the L1 amino acid transporter of the blood-brain barrier. This imbalance in concentrations of BCAA to AAA leads to an increased influx of AAA that influences neurotransmitter synthesis. The resulting "false neurotransmitters" phenylethanolamine and octopamine affect the physiological neurotransmitters, especially noradrenaline, through competitive inhibition and further promote HE in this context. This potential mechanism was already published in 1971 by Fischer et al. [3] and the ratio of BCAA to AAA was named Fischer's ratio. The false neurotransmitter hypothesis is discussed as a variable in the multifactorial pathophysiology of HE.
Another prognostically unfavorable factor in patients with liver cirrhosis is sarcopenia. As described, catabolism of BCAA compensates ammonia detoxification for the impaired liver to a certain extent. This constant consumption leads to low BCAA plasma concentrations and consequently sarcopenia [22, 23] . Montano-Loza et al. presented data showing that sarcopenia, Table 5 . Description of the analyzed cohort divided in three groups according to MELD score ranges 6 to 9, 10 to 19 and 20 to 40. Values in the table are medians. Distributions in group MELD 6-9 compared to MELD [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] and MELD [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] compared to MELD were analyzed using Mann-Whitney-U-Test. Significant results are written in bold and asterisked (*, **, ***).
MELD [6] [7] [8] [9] , N = 53 MELD [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , N = 90 MELD measured with cross-sectional imaging methods (CT scan or MRI), is associated with an increased mortality [23, 24] . Another study showed that in cirrhotic patients with ascites, psoas muscle thickness (PMTH) could predict one-year mortality independent of MELD, MELD-Na and Child-Pugh-Turcotte score [25] . However, although plausible, in our study we could not prove the relationship between muscle mass and low levels of plasma BCAA because imaging data was not available.
Former studies also demonstrated that branched-chain amino acids influence mTOR (mammalian target of rapamycin) pathway which could lead to complex consequences [26, 27] . Kakazu et al. [28] published that especially a valine decrease, mediated through mTOR pathway, has a negative impact on maturation and function of monocyte-derived dendritic cells in patients with hepatitis C virus related cirrhosis. Consequently, the immunologic response may be restricted in these patients leading to complications such as spontaneous bacterial peritonitis or sepsis. A decrease of leucine and isoleucine, however, did not affect maturation in their study. The sum parameter of leucine and isoleucine correlated significantly with MELD and MELD-Na score in our cohort, but did not have a significant impact on survival. Although the MELD score is a well evaluated predictor of mortality, it has been shown that it does not reflect these relevant complications in end-stage liver disease adequately. In our study we were able to show a slightly more precise estimation of one-year mortality when including valine plasma concentrations to MELD score.
Based on the fact that the amino acids valine and phenylalanine belong to the essential amino acids, our data might lead to therapeutic implications. Previous studies examined the benefit of BCAA intake in cirrhosis [29] or in case of hepatic encephalopathy in particular [30, 31, 32] . Although results differ depending on the initial status of the analyzed patients, recently published clinical practice guidelines from AASLD and EASL recommend an oral BCAA-enriched diet as an alternative or additional agent to conventional therapy with lactulose [33] . Randomized controlled studies evaluating beneficial effects of an AAA restriction may be important for an optimal management of patients with end-stage liver disease.
In this context, the monitoring of amino acid concentrations in plasma could be a valuable instrument for the identification of patients with low BCAA or high AAA levels to create individual diet plans and to verify the treatment adherence, but since now, appropriate studies are lacking.
Since introduction of the MELD scoring system, waiting list mortality has decreased whereas postoperative mortality has increased [34] . Therefore, a debate about ethical principles and fairness of liver allocation is ongoing, also including the therapy success after organ transplantation [35] . Previous studies showed that preoperative sarcopenia and grade 3-4 of HE both are predictors of mortality after liver transplantation independent of MELD score [36, 37] . Although we were not able to prove the relevance of amino acids and derivatives for predicting postoperative survival in our study, there is evidence in literature implicating that low values of BCAA to tyrosine ratio (BTR) might be unfavorable for patients who received a living donor liver transplant [38] . Hence, we speculate that measurement of metabolites has a prognostic value and could be a therapeutic target to improve the outcome after liver transplantation.
Our study analysis led to significant results concerning amino acids and prognosis in cirrhosis, nevertheless some limitations need to be considered. Data concerning muscular mass and HE were not available which prevent linkage between amino acid concentrations and phenotypes in our cohort. Though, objective and exact determination in particular for HE is difficult to assess. Secondly, the study subjects were not necessarily at fasting which might influence the metabolite measurements. One patient received Fresubin 1 Hepa, whereas we found no evidence for therapeutic BCAA intake in any other patient. Furthermore, the heterogeneous study population with the presence of hepatocellular carcinoma (HCC) as a comorbidity in cirrhosis in 25 patients (15.1%). Although exclusion of those patients from analysis did not show a significant difference (data not shown), there is evidence showing that branched-chain amino acid metabolism differs in cirrhosis with and without presence of HCC and BCAA to tyrosine ratio (BTR) had a prognostic value for these patients [39] . In our study cohort, BTR also was predictive but inferior to Fischer's ratio and VPR. Plasma amino acid constellations are promising additional biomarkers for identification of patients with an increased risk of mortality in end-stage liver disease. Branched-chain amino acids, especially valine, and aromatic amino acids seem to participate in profound metabolic changes contributing to mortality. Our approach is considered to serve as a basis for prospective intervention studies. The identified panel has the potential to improve prognosis for patients with end-stage liver disease on the waiting list and after an orthotopic liver transplantation.
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